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FACTUAL DATA

1.0 DESCRIPTION OF SYSTEM

The RS-31, as shown in Fig. 1, is a flywheel energy storage system rated at

30 KWH (40 HP-HR) at 14,506 rpm. Accelerating power is supplied by an AVCO

gas turbine engine rated at 3000 HP in this application. The decelerating

load consists of a pair of Bendix high voltage generators. The load path is

from the gas turbine into a four-in-line 1-to-I ratio gearbox which serves to

deliver counter-rotational power to a pair of horizontally aligned parallel

flywheel rotors through a pair of sprag-type over-running clutches. At the

far end, stored power is absorbed by the directly coupled generators upon

electrical command.

Auxiliary controls and instrumentation are included as part of the RS-31

system providing a completely self. sufficient means for evaluation, lubrica-

tion, temperature control, speed control and diagnostic data.

The heart of the RS-31 system is its set of flywheel rotors which are machined

and assembled from vacuum-melt, forged and heat-treated low nickel alloy steel

HP 9-4-30. Each rotor consists of a pair of end stub shafts and a pair of

37.1 inch diameter discs all of which are flanged and bolted together without

the concession of disruptive center disc through-holes. The rotor discs are

formed by combining the profile of an infinitely tapered equalized stress

disc with an outer rim which improves inertia and stress distribution for

limited diametral envelopes.

The assembled rotors (with all shaft rotating elements installed) are each

balanced to less than 15 gm-in residual unbalance and mounted horizontally

within a casing which also supports the gearbox, gas turbine and generators.

Out of consideration for the spatial envelope specified for the RS-31 installa-

tion, the casing assembly was designed for an offset placement of the parallel

rotors so as to nest the righthand rotor disc pair slightly forward and inside

Qof the diaaetral envelope of the lefthand rotor discs.
I
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Three 356-T6 cast aluminum alloy case sections are used to house the two

flywheel rotors and their supporting components. The castings are

impregnated to reduce their porosity as vacuum chamber sections. Each

rotor sits within an independently sealed vacuum chamber and is surrounded

by a set of 4340 steel barrier rings which are supported by low dialectric

fiberglass pilot rings so as to be electrically isolated from the case and

rotor structure. The barrier rings, in addition to serving as overstress

limit devices, also are used as part of a rotor strain detection diagnostic

system in conjunction with the instrumentation package. Each ring is

approximately 3" wide in the axial direction, and is centered at the planar

centerline of its mating rotor disc. A pair of spring loaded insulator plates

between the barrier rings in each vacuum chamber serve to hold the rings

firmly in place on their pilot rings. A set of windows are located in the

case walls allowing visual and physical access to the rotor/barrier ring

interface.

The forward end of each rotor is supported by a duplex pair of 80 mm

oil jet lubricated opposed angular contact ball bearings which fix the

axial freedom of the rotor. The aft end of each rotor is supported by a

single 80 m roller bearing which provides rotor axial freedom to compensate

for thermal and poisson effects. A set of spring loading carbon-lip dynamic

shaft seals are used between the bearing stations and the rotor vacuum

chamber. Steel liners are used to support the bearings and seals within

the aluminum case assembly with a pair of concentric liners located at each

of the two forward and aft stations. Each outside liner supports and

positions one shaft seal assembly and acts as the outer wall of a rotor

vibration damping reservoir. The inner liner supports and positions the

bearings and provides the inner wall of the damping reservoir. Oil passing

radially inward (to lubricate the bearings and seals) spreads into this

reservoir as the viscous damping media. Both liners are flanged at their

outside ends, but while the outside liner is also piloted on the case wall

at its inboard end, the inner liner is spring cantilevered from the end to

reduce the rigidity of the bearing cage allowing the rotors to spin about

their true axial centers of gravity. Thus, rotational vibration of the

flywheel assembly is not transmitted directly to the case structure.
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At the aft end of each rotor a shaft mounted sprag clutch allows the fly-

wheels to be accelerated but when the driver speed is reduced below flywheel

speed, the sprags disengage allowing each rotor to spin freely and independent

of the driver. A pair of 65 m ball bearings on either side of each sprag

clutch cage serves to separate the inner and outer clutch cylinders. The

inner cylinder is splined to the rotor shaft while the outer cylinder pilots

the female end of the splined drive shafts.

The aft case of the RS-31 module serves as a central oil collection and

distribution center for lubricating oil. One section of the case collects

oil from the forward end (externally scavenged), from the aft end by natural

drainage and from the gearbox by natural drainage. This oil drains through

an internal dearation screen and is piped away for straining and cooling as

required. Returning oil is pumped into a sump section of the aft case where

a heater allows control of viscosity before the oil is pumped through filters

to the bearings, gears, seals and splines.

The AVCO gas turbine bolts to the aft end of the module on the left side of

the gearbox and turns clockwise. A splined shaft between the turbine and

far left gear of the gearbox delivers drive power to the geartrain. A second

shaft which fits into the forward half of this left side gear delivers power

directly to the left rotor clutch outer cylinder. Power to the right side

rotor is delivered through the four gears of the box so that the right end

gear turns counter clockwise. A third shaft delivers power from this gear

to the right rotor clutch outer cylinder. The nested rotor centerlines are

separated by 28 inches.

A set of eight control packages regulate and monitor module operation. Five

of these are standard 19" wide rack panels whose functions are gas turbine

control, signal conditioning, limit-alarm processing, power breaker relay

functions, and the main operator control and display panel. These five

panels are mounted in a standard electrical cabinet. The other three control

subassemblies are compact skid mounted units whose functions are oil pumping,

-4-

477W4



oil scavenging and evacuation and oil cooling. The cor.trol system is designed

to use 208 volt, three-phase 400 Hz power. A pair of 5.7 HP motors are used

to power the oil and vacuum pumps and a pair of 1.0 HP motor driven fans force

air through the oil cooler at 2,000 CFM.

The vacuum pump is rated at about 4.5 CFM at 1 TORR. Separate 10 micron

filters are provided in each of the three oil delivery mains to forward,

aft and gearbox oil jets. These are preceded by magnetic separators and

strainers at the sump discharge. An oil level switch in the sump and oil

pressure switches in the line as well as dirt alarm switches at the filters

allow the operator to be advised of discrepant conditions. Oil supply

temperature is automatically regulated at 150PF at all times. The operator's

control and display panel provides continuous reading digital display of

individual rotor speeds, disc centrifugal and thermal radial growth, case

vibration levels, individual chamber vacuum pressure and primary oil para-

meters as well as alarm lites for several secondary parameters.

-(

Gas turbine and gearbox speed are displayed at the turbine control panel

along with turbine exhaust temperature and engine torque.

-5
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2.0 DESCRIPTION OF TEST INSTALLATION

The RS-31 system was tested at Building 252, the D185-109 Hydraulics Lab-

oratory (see Fig. 2) of the North American Aircraft Division (El Segundo

Function) of Rockwell International. The deliverable control consoles were

located within Building 252, near the facility controls and data center,

approximately 30 feet from the outer west wall of the building. The module

and supporting subsystems were placed in a newly constructed test cell

located about 15 feet outside of the west wall of Building 252. The test

cell was about 15' x 25' in size (internally) with walls constructed of

1/2" steel about 8' high, lined with 18" of railroad ties stacked horizon-

tally and held by a steel skeletal frame to the outer shell which was in

turn supported by steel I-beam structure. A steel skeleton frame was placed

overhead with corrugated plastic panel roofing. A single mazeway entrance at

the east end of the cell was provided for personnel access and the entire

west wall was removable by fork-lift for major hardware access.

The module was bolted to the cell floor with rotor axis in the east-west

orientation with the gas turbine at the west face. The turbine exhaust

was pointed due west through a large diameter duct in the removable wall.

The lubrication and evacuation subsystems were bolted to the floor in the

southeast corner of the room. Large facility pipes and valves (1.5" to 8"

diameter) were located at the east end of the cell to deliver facility air

to drive the air turbine brakes, to provide low pressure brake exhaust

(upward) and to provide for air brake evacuation capability. A mobile 400 Hz

generator cart was located between the cell and the building and a JP-4 fuel

tank was installed outside the south wall of the cell to serve the gas

turbine driver engine. Facility lube-oil systems located inside the west

wall of Building 252 were delivered to the cell by overhead pipe for brake

lubrication.

-6-
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3.0 TEST PLAN

The plan for test of the RS-31 system was initially detailed in test speci-

fication RC-1290 (pages 103-145 of final report RI/RD78-207) released to

MERADCOM 30 May 1978. Subsequently, the test plan was revised as noted in

monthly reports and herein, however, essentially all elements of the initial

plan were either performed or expanded. The initial test plan is shown by

Figs. 3 and 4 with comments hereafter to define adjustments and reasons

thereto.

Test A was exchanged with Test B to check out flywheel rotation at lower

speeds than practical with the gas turbine and to take into account revisions

in the plan for initial gas turbine operation which was to have been gas

turbine only (note speed target of 15,000 rpm in the prior Test A plan). This

revision enhanced the program in two ways:

1. More cautious *nd precise initial spin-up of the flywheel;

2. More complete system-oriented test when the gas turbine was activated.

Test C was then conducted essentially as planned. Based on the early success

with Test C, the plan for - - -

Test D was expanded to nearly twice the earlier target speed.

Test E was also expanded as a consequence of the test progress to date

achieving 13,400 rpm rather than 11,000 rpm.

Test F was divided into two parts but adjusted in top speed to 14,850 rpm

(was 15,000 rpm) as a consequence of the higher energy storage performance for

rpm than originally targeted. Thus, the target energy level of 30 KW-HRS was

achieved at a rated speed of 14,506 rpm (see final. report) and an overspeed

point of 14,850 rpm was also demonstrated.

-8-
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4.0 TEST PROCEDURES*

Tests of the RS-31 system were conducted utilizing the deliverable console

as well as a facility systems console to control brake and facility oil

operations.

Pre-Test Conditions

a) Lube oil supply system shall be leak tight, filled with MIL-L-23699B oil,

calibrated for proper valve and switch settings and off.

b) Module rotor chamber should be drained free of oil and evacuated.

c) Console power switches shall be ON for at least 3 hours to stabilize

instrumentation, and all system controls shall be OFF.

d) Engine throttle positions shall be set, fuel shall be provided to engine

and battery capacity verified.

e) Module data channels shall be calibrated and Switch S9 set to display data.

*Note: Some detail figures and charts for test procedures are not available for

reproduction and have been deleted herein.

I
C
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Activation

a) Turn on module oil and vacuum system switches 52 (lube and vacuum),

S3 (oil cooler fans), and S10/Sll (vacuum valves).

b) Verify oil system operation and reset alarms with switch S6.

c) Turn the engine ON using switches S1 (power), S6 (starter), S4 (fuel),

and 55 (ignition).

d) When engine exhaust temperature reaches 700C, turn switch SS (ignition)

OFF.

When engine speed N1 reaches 60%, turn switch S6 (starter) OFF.

e) Use switch S2 (N1) to control system acceleration to target speed.

Shutoff

a) Turn engine switch S4 (fuel) OFF

b) When flywheel rotation has stopped, turn off lube oil and vacuum system

(module switches S2, S3, S10, Sll).

-14-
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4.1 TEST REQUEST RS-31 FLYWHEEL TEST A

4.1.1 Introduction

Specification RC1290 in Report RI/RD78-207 gives requirements for six tests

of the RS-31 flywheel. In view of problems which surfaced during

facility preparation, some changes in the test hardware and order were

made. This request will bring the test requirements up-to-date for perfor-

mance of Test A. It will be supplemented by additional Test Requests for

the following tests.

The test described here is a blowdown using the brakes to drive the flywheels

slowly backward. This was called Test B previously. The jet engine checkout

test will be called Test B.

4.1.2 Test Objectives

Test A will be a preliminary checkout of the flywheel assembly without the

jet engine, using the air brake turbines to drive the flywheels. Objectives

are:

a. Calibrate and checkout all lubrication and air systems.

b. Demonstrate facility operation.

c. Seat the four RES1284 seals and draw a vacuum in both left and right cavities.

d. Try to operate and calibrate the LF Gap Sensor.

e. Develop operating procedures and data reduction under safe conditions.

f. Final test readiness check of LE76-030-ER Flywheel.

4.1.3 Hardware to Be Tested

LE76-030-ER Flywheel Assembly

LE76-224-ER Flywheel Brake - LH

LE76-225-ER Flywheel Brake - RH

/ LE76-031-ER System Test Interconnect

LE76-071-ER RS-31 Mechanical Diagrams

-15- "1



The flywheel assembly is complete, except for two problems. First, cavity

vacuum cannot be obtained due to the RS1284 seals being unseated. They are

expected to seat with shaft rotation, aided by alternate vacuum and pressure.

Secondly, the left front gap sensor is grounded and inoperative. It is

hoped that drawing a vacuum in the case and spinning the flywheels will

dislodge or dry out whatever is causing the short circuit.

The lube system must be calibrated before test, as requested in EWR388154,

and the relief valves set for low speed operation.

Instrumentation will be limited as requested in EWR388157, plus omission

of all engine instruments.

4.1.4 Facility

The test facility at the Hydro-Mechanical Laboratory will be used. Group 185-109

will perform the tests in the special test cell outside Building 252.

Figure shows the complete oil flow schematic, both facility and flywheel

units. The air and vacuum schematics will be as shown on LE76-071-ER.

The complete instrumentation list is attached, with instruments not needed

for this preliminary test lined out and extra instruments required for this

test listed on Sheet . An "X" shows where a channel is required, but has

not been assigned as of this writing.

4.1.5 Safety

Every effort will be made to insure safety for this test. Procedures will be

based on slow speed operation, to insure minimum damage by any malfunction or

procedural error. The flywheel will be accelerated in 500 rpm steps, based

on low speed tachometer attached at the engine pad. No acceleration will be

attempted until all bearings indicate proper operation and all pressures are

acceptable for the next higher speed. All operations will be remote with no

-16- 1
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personnel exposed to any flywheel, air or lube system failures during the run.

The facility lube system backup will be tested and operating. Top speed of

3000 rpm will be approached but not exceeded until all instruments have been

surveyed for possible trouble and good control has been demonstrated at each

lower speed.

4.1.6 Test Procedure

When facility checkouts are complete and a Test Readiness Review has been

approved, the test may be started.

a. Check all facility and test systems for oil level, air supply, power

supplies and instrument responses. If any alarm lights are inoperative,

a redline of that instrument willbe established, with redline observer

fully instructed. Open brake exhaust valve.

b. Turn on oil heater and obtain proper oil temperature. Turn on module and

facility lube systems and verify all temperatures and flows.

c. Pressurize module cavities until seals seat and turn off pressurizing

gas supply. Leave vacuum valves closed, so module cavities are under a

slight (l to 5 psig) pressure.

d. Open brake pressure valve and apply 120 psi air to brakes. On reaching

the first indication of motion, stop the air flow and check to see that

the gearbox pump is primed and operating. Continue slow speed (below

200 rpm), until the gearbox lube system is fully primed and operating.

If any problem appears, allow the system to drift to a stop and investigate.

I
e. If everything is within redlines, apply 120 psi brake pressure until

500 rpm is reached. Allow flywheels to drift while all instruments are

checked. After two minutes, open the vacuum valves and see if a vacuum

is obtained. If not, reseat the seals with 2 to S psi pressure and continue.

If a problem is observed, allow the flywheels to drift to a stop, then

investigate.

-17-



f. Apply 120 psi brake pressure until a speed of 1000 rpm is reached. Check

instrument readings and seal seating as before.

g. Increase speed in SO0 rpm increments to 1500, 2000, and 2500 rpm if all

indications are satisfactory. Allow the flywheel to drift to a stop from

2500 rpm. Check for seated seals and check the LF gap sensor. If no

vacuum is obtained, terminate the test for seal repairs.

h. Check all oil levels and possible lubrication or other problem areas.

Repair or fix any problems.

i. Restart under 120 psi air pressure and accelerate smoothly to 2000 rpm.

Allow flywheels to drift while all instruments are checked. If satis-

factory, accelerate to 3000 rpm and hold speed for 5 minutes.

j. Reduce data and compare with expected performance. If all parameters are

within acceptable limits, proceed to Test B.

C'.
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4.2 TEST REQUEST RS-.31 FLYWHEEL TEST B

4.2.1 Introduction

This test request describes tests required to meet a changed definition of

Test B of Specification RC1290. This test will be run at the Aerospace

Laboratories in the facility which recently ran Test A to the Test Request

from the writer to T. Oppenheim, dated S September 1979.

The original Test B (actually called Test A in Specification RC1290) was to

run the Lycoming jet engine only, not connected to the flywheel. Mr. D. Hodson

has changed the requirement at the Army's request, to require that the drive

shaft be installed to prevent overspeed of the jet engine power shaft, so there

will be rotation of theflywheel. The speed of the flywheel will be kept below

3000 rpm at all times by shutting down the jet engine any time this may become

necessary. As a consequence, the jet speeds will be limited.

4.2.2 Test Objectives

The test is to be run before new seals can be installed on the brakes, so

there will be a minimum of oil flow to the brakes, to prevent excessive

loss of oil. The lubrication system will otherwise be the same as was used

during Test A. No brake vacuum will be used and brake air flow will be used

only in an emergency. The main shaft seals are now seated and sealing, so

no oil loss through the module is expected. Vacuum will be maintained in

the module and the seals will be tested in this run. A redline on module

vacuum will prevent excessive loss of oil, if the seals fail.

The major objective is to demonstrate that the jet engine is properly mounted

and operating, as well as to find out how much flywheel acceleration is

caused by the idling jet.

-19-
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4.2.3 Hardware to Be Tested

Same as Test Request of 5 September 1979, essentially consisting of an RS-31

flywheel assembly. In addition, the Lycoming T55-L-7C engine will be installed

with its exhaust and fuel supply systems.

4.2.4 Facility

The Hydro-Mechanical Laboratory test cell outside Building 252. Operation will

be by D/185-109 personnel. Instrumentation will be according to the attached

list. The jet engine N1 speed and exhaust temperature will be added to the

digital data list. Shaft speed A-I is deleted.

Redlines will be as noted. If any bearing temperature rises above 250F or if

bearing failure appears to have oscurred, emergency braking will be used to

bring speed down below 500 rpm as quickly as possible.

Note that the number of lubrication flowmeters is reduced to the original four.

4.2.5 Safety

In addition to the precautions used previously, it will be necessary to assure

against noise exposure of test personnel. Also, safe fuel handling procedures

will be required.

4.2.6 Test Procedure

The test engineer will be responsible for a step-by-step procedure which will

accomplish the following:

a. Check out facility oil, air, and fuel supplies. Check out control panels

for power and operation. Facility vacuum will not be used. The brakes

will be used only in an emergency, as specified in the redline values,

( but air must be available.

-20-
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b. Turn on module and facility lubrication systems with enough oil supply to

last one hour, in the absence of leakage through the module seals. Start

instruments.

c. Pressurize the fuel tank, open the engine fuel valve then start the

Lycoming engine. The Army representative will supply any procedural

instructions for the jet engine. The jet will be limited to its minimum

idle speed for the first run. If it will not start, cut off facility

systems and follow instructions of the Army representative.

If it does start, monitor the flywheel speed closely. When it reaches

3000 rpm or at any redline, turn off the jet. If it does not reach

3000 rpm in ten (10) minutes, turn off the jet. In an emergency, the

brakes can be turned on to bring speed below 500 rpm. When the flywheels

are stopped, the lube systems can be refilled and the spillage drained

from wherever it has collected.

Reduce data to obtaine a figure for steady acceleration of the flywheel

at engine idle or maximum flywheel speed at idle, whichever applies.

Note: Do not over brake. There is no indication of reverse motion.

d. When the length of idle time needed to reach 3000 rpm or the steady speed

reached in ten (10) minutes is established, a second and third start can

be attempted using above idle power from the jet for short periods but

keeping the flywheel below 3000 rpm. The engint is to be shut down before

ten (10) minutes run and the flywheels will be allowed to drift to a stop.

When they are below 500 rpm, the air and module vacuum systems can be

drained of oil and the lubrication reservoirs topped off.

e. When the jet engine can be operated properly and the procedures are

well understood, the facility will be shut down and the brakes removed.

The brakes will be sent to Rocketdyne for addition of seals, to protecti

against excessive leakage into the facility vacuum system.

-21-
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f. Data obtained shall be reduced and studied to determine any changes needed

for future testing. It is anticipated that Test C of RC1290A will be

performed as soon as the brakes are repaired.

-22-



4.3 TEST REQUEST RS-31 FLYWHEEL TESTS C, D, & E

4.3.1 Introduction

During the last three weeks, the RS-31 flywheel test setup, particularly the

brakes and lubrication system have been reworked to reduce leakage and improve

lubrication pressure. It is expected that tests C, D, and E can be run in

quick succession without the need for corrective rework.

These tests will be nearly the same as the original callouts in Specification

RC1290, with minor changes to reduce costs and take advantage of some objectives

which have already been met.

4.3.2 Test Objectives

Test C will be a trial of the revised lube and brake systems as well as a

search for the first critical shaft speed. The gas turbine will be used for

a drive but will not be brought above idle speed so that acceleration and

deceleration will be slow. The speed will be varied slowly from 0 to

6000 rpm with the brakes used from 6000 rpm at least once. The running test

will be preceded by a lube system checkout with the module inoperative. Brake

vacuum will be used and complete instrumentation.

Test D will follow as soon as data reduction is complete on Test C, including

data playback of the analog tape signal to assure proper identification of

any critical speeds.

Test D will run to 6000 rpm, dwell at this speed long enough to stabilize

temperatures, then accelerate to 11,000 rpm in 1000 rpm steps, dwelling at

each level long enough to read all instruments and to try to anticipate any

problem areas. The flywheel will then be stopped by the brakes.
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Test E can be run as soon as the data reduction for Test D is complete

unless some problem makes it necessary to rework or repair some element.

If repair is necessary, Test E will begin with a checkout of the repair.

The jet will then be operated at 700 lb ft torque long enough to bring the

flywheel to 11,000 rpm, then a slowdown, a reclutching and hold at 11,000 rpm,

for five minutes will be performed. The brakes will be used to stop. If

this is successful, Test F will follow as the concluding test in this series.

Another test request will be written for this test.

4.3.3 Hardware to Be Tested

a. LE76-030-ER Flywheel Assembly

This will have scavenge air bleeds added to the forward bearings but

with the LH bleed plugged. The baffle will be used in the RH front

bearing.

b. LE76-224-ER Brake Assembly

LE76-225-ER Brake Assembly

Both brakes will have bearing seals added by Rocketdyne.

c. LE76-031-ER System Test Interconnect

Voltmeters and limit alarm modules will be checked and repaired as

necessary.

d. LE76-071-ER RS-31 Mechanical Diagrams

Piping will be per attached schematic, Fig. , or Change E of the

blueprint. This includes the 30-gallon added oil reservoir.

4.3.4 Facility

The Hydro-Mechanical Laboratory test cell outside Building 252, as described

before, will be used. Facility lubrication piping is included in the

attached schematic diagram.
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Instrumentation will be per the attached list. This list has been changed

as noted below.

a. Oil pressures will be set to the original requirements of LE76-071-ER.

The gearbox oil pressure switch is to be set at about 6 psi and the

warning light panel will be operative.

b. The gap sensors (except M27) are required. One left gap and one right

gap will be monitored for redline.

c. Three new digital channels are required, MS1, M53, and MSS.

d. Gearbox oil flow should be prepared to read 9 gpm and qhould come on

scale at 4000 flywheel rpm.

e. The filtered vibration readings (A3, A4, AS and A6) will re rescaled

to 5 g full scale and redlined at 2 g. This should help find the shaft

critical. The development engineer will help monitor vibration for

Test C.

f. The RH speed (MI) will be recorded on the analog tape.

Redlines are listed. If any redline is exceeded, the test will bue "cut and

braked" as quickly as possible.

All tests will be performed according to the detail test procedure written

by Test and approved by the development engineer.

(
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4.3.5 Test Procedure

4.3.5.1 Lubrication System Checkouts

a. Run the pumps and adjust pressures as follows:

P1 - Fwd Oil Pressure - 175 psig

P3 - Aft Oil Pressure - 500 psig

M57 - Brake Oil Pressure - 60 psig

- Facil 23 gpm pump - 450 psig

b. Turn on oil heater, leaving pumps running and raise oil temperature at

MlO to 140-lSOF. Adjust thermostat to hold the temperature at 1SOF.

Keep running at 1SOF for 30 minutes.

c. Take an oil sample and inspect for air bubbles. If no air is found,

proceed. If air is still mixed with oil, stop running to determine

and cure the problem.

d. When air free oil is assured, increase the pressures of Para. (a) if

needed to obtain a minimum reading of 2 gpm on M49 flowmeter and 25 gpm

on M59 flowmeter. M57 must be at least 20 psi below P1 .

e. Measure the oil flow coming out of the facility scavenge pump on the

left front bearing by diverting it into a beaker for known time.

f. Admit facility vacuum to the brakes, using valves V6 and V8 to control

the brake pressure.

g. Adjust P1 to 7.5, 6.5, 5.5, 4.5, 3.5, 2.5 and 1.5 psi and measure the

scavent flow at each pressure. Make a final adjustment of V6 and V8

to hold the vacuum at the lowest pressure where the scavenge flow is

equal to that measure in Para. (e).

a
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4.3.5.2 Perform Test C

a. Perform a system check and insure that the oil is warmed to between

140 and ISOF. Obtain facility vacuum and brake air pressure. Apply

vacuum to brakes. All accelerometers and the vibration recording

system must be operating. The development engineer and the dynamics

engineer will monitor the vibration level throughout the test.

b. Start the jet engine and set it for a low idle speed. Allow the flywheel

to accelerate slowly to 6000 rpm. The jet engine speed may be increased

if necessary to reach 6000 rpm. Flywheel redline speed is 6500 rpm of

of the left flywheel.

c. Stop the jet and allow the flywheel speed to decay to 3000 rpm.

d. Restart the jet and gently accelerate to 6000 rpm again.

e. Apply brake air pressure to bring the flywheels close to a stop.

Reduce data as applicable.

4.3.5.3 Perform Test D

a. Setup is the same as Test C.

b. Accelerate the jet and the flywheels to bring the flywheels to 6000 rpm.

Reduce the jet power to. idle and allow the flywheels to accelerate

slowly to a stable speed or five minutes, but keep below 11,000 rpm by

turning the jet off if necessary. Redline speed will be 11,500 rpm.

c. If necessary, accelerate the flywheels by applying jet power to hold

steady at 7000, 8000, 9000, 10,000 and 11,000 rpm as may be available.

Hold 30 seconds at each of the above speeds as possible.

-27-

7 M-



d. After holding steady at 11,000 rpm for two minutes, turn off the jet and

allow the flywheel speeds to decay below 6000 rpm.

e. Apply the brake air to stop the flywheels.

f. If no evidence of problems appears, Test E may follow immediately.

If problems occur, data reduction and problem solutions will be required.

4.3.5.4 Perform Test E

a. Setup is the same as for Test C, but an EWR may be written to require

checkout of any hardware changes.

b. Start the jet and accelerate at 500 to 700 lb ft torque to the highest

safe speed as determined in Test D. Reduce the jet to idle.

c. Hold the jet at idle or a little above to complete a gentle acceleration

to 11,000 rpm. Redline speed will be 11,500 rpm.

d. Reduce the jet idle, wait for the flywheel speeds to reduce below

10,000 rpm, then accelerate the jet to bring the flywheel up to

11,000 rpm again.

e. Stop the jet and when it is stopped, apply the brake air to stop the

flywheel.

f. Reduce data. If the data reduction does not indicate any problem, Test F

can be run. A new test request will be written for Test F.
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4.4 TEST REQUEST RS-31 FLYWHEEL TEST F

4.4.1 Introduction

Test F is intended to show that the RS-31 Flywheel is ready for initial

operation at 30 KW rating and can withstand overspeed to 32.5 KW. Due to

the checkouts and previous tests, the mechanical systems are expected to

cause no problems and all necessary instrumentation will be operative.

Hardware and facilities will be the same as Tests D and E (RMME 9172-5473,

18 October 1979) including the instrument list. Two TV cameras will be

aimed through the gap windows and displayed in the console area as backup

for the electronic gap sensors. These will be redlined at .010 gap. One

will be recorded on tape along with a verbal record of speed during the first

part of this run. Color moving pictures will be taken showing the setup

and inspection portions of the run.

4.4.2 Test Procedure

a. Perform system checkout, obtain facility air and vacuum. Start lube

system and instruments. Arm redlines. The following test schedule is

shown graphically on the attached figure.

b. Start jet engine, accelerate flywheel to 11,000 t200 rpm, reduce jet

speed to 8000 rpm idle, allowing flywheel to drift while all instruments

are checked for satisfactory readings.

c. Accelerate to 12,000 rpm and check instruments as above.

d. Accelerate to 13,000 rpm and check instruments as above.

e. Accelerate to 14,000 rpm and check instruments as above.

eJ
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f. Accelerate to 14,500 rpm ±100 rpm. Reduce jet to idle. Monitor

instrument while flywheels drift down to 11,000 rpm of the faster

wheel.

+100
g. Re-accelerate to 14,000 rpm -200 rpm. Start acceleration slowly,

then apply about 1000 lb ft torque. Start cutting the jet at 13,700

to 13,800 rpm and reduce it to idle. Check all instruments.

h. Reclutch at high speed and accelerate carefully through 14,500 up to

15,100 ±100. Reduce jet to idle and allow flywheels to decelerate

until the faster wheel is at 14,500 then gently accelerate jet,

bring both flywheels to 14,500 rpm ±100 rpm, and hold nearly steady for

at least five minutes.

i. Cut the jet engine then brake the flywheels to a stop.

j. Shut down and inspect hardware and data.

k. If no discrepancies are found, restart the jet, accelerate at 750 to

1000 ft lb torque to 14,500 ± 200 rpm, stabilize at 14,500 rpm by

throttling the jet, hold speed for 5 minutes and cut the jet. Allow

flywheels to drift down to 0 rpm.
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5.0 RESULTS OF TEST

5.1 Test Chronology

Fifteen flywheel system tests were conducted during the period of 10 September

through 29 November 1979. The following table provides a brief summary of the

tests:

TEST NO. DATE SPEED COMMENTS

A-1 10 Sep 79 450 rpm FLimited due to seal leakage of oil into the'

A-2 11 Sep 79 550 rpm flywheel chamber and air turbine exhaust

A-3 19 Sep 79 1265 rpm ducts. Flywheel was driven by the facility

Lair turbines. a

Flywheel rotor seals were re-seated using an external pressurizing technique

to reduce leakage.

B-1 27 Sep 79 - * AVCO engine stalled at start

B-2 27 Sep 79 3000 rpm Successful tests to target speed using AVCO 1
engine served to verify basic F/W rotational

B-3 27 Sep 79 3500 rpm ,integrity.

Facility brake seals were replaced. Lube oil system scavenging and sump

capacity were increased.

C-1 9 Nov 79 1742 rpm e Aborted due to erratic sensor.

C-2 13 Nov 79 4593 rpm Successful tests to target speed verified1

C-3 13 Nov 79 6606 rpm excellent rotor dynamics and absence of

first critical speed resonance.

Critical data review verified that testing could proceed through first critical

(4000-5000 rpm) without concern for vibration or damage.
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TEST NO. DATE SPEED COMMENTS

D-1 14 Nov 79 11,387 rpm 0 Successful test beyond planned Phase D

speed target.

Data review conducted to evaluate vibratory resonance noted after start of

coastdown. Resonance was correlated to facility brake bearings and determined

to be within acceptable limits.

E-1 16 Nov 79 2,278 rpm 0 Aborted due to unseated F/W rotor seals;

reseating required.

E-2 19 Nov 79 11,000 rpm 0 Cut for oil pressure decay requiring

subsequent use of coolers.

E-3 19 Nov 79 13,400 a Cut for limited AVCO engine speed setting

requiring reset.

External pressure seal reseat was required after test E-1 because of inadvertant

brake evacuation timing error just prior to test E-1 which caused the seals

to be unseated just prior to test. Lubrication system flow control valve

settings were adjusted after Test E-2 so as to initiate flow through the oil

cooler before increased oil temperature reduced oil viscosity excessively

allowing pressure to decay. Since test E-3 had proceeded to a record speed

level of 13,400 rpm when it was noted that the AVCO N2 speed limit had been

reached, it was decided to cut off and verify the reset procedure before

performing a new step in system control.

F-1 26 Nov 79 14,500 rpm 0 Successful duration test at rated speed.

F-2 29 Nov 79 14,850 rpm * Successful excursion test to limit speed.

I

i
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5.2 Test Descriptions

Test A-1 was the initial trial for accomplishment of Test A objectives. The

specified test procedure was followed through Step 2.2 although the speed

achieved (450 rpm) was 10% below the target of 500 rpm due to brake air control

sensitivity at very low speeds. A decision was made not to proceed beyond

Step 2.2 (to higher speeds) because it was noted that oil was leaking into the

rotor chamber (by TV monitor through chamber windows) and that facility oil

supply was decaying rapidly (due to brake seal leakage into the exhaust air).

Application of facility vacuum was not adequate to resolve the chamber oil

buildup problem and reseating of the seals did not succeed.

Test A-2 was a repeat of the previous test with no significant revision to the

conditions, however, additional facility oil scavenge capacity was added to

extend possible test duration. The oil leakage rate once again dictated test

cutoff at the first speed plateau (550 rpm) after Step 2.2 of the procedure.

Post-test review of data indicated, however, that chamber pressure had started

down after facility vacuum and seating pressure substeps were completed.

Test A-3 was a third attempt to get the system seals seated and proceed to

higher speeds and this time the test was able to i-oceed through Step 2.3

and initiate Step 2.4 leading toward the 1500 rpm plateau when it became

necessary to shut down due to oil supply exhaustion due to both brake and

module rotor seal leak rates. Module sealing was judged to be improved, but

still unsatisfactory and brake seal oil leakage was very severe.

Summary - Test A. Although the objectives of Test A were not fulfilled by the

first three trials, it was judged to be advisable to proceed to Test B for

the following reasons:

1. Since air flow through the brakes tended to discharge oil that

could otherwise be scavenged and recirculated, test duration and

opportunity to resolve module module problems would be enhanced by

reserving brake operation only as an emergency cutoff measure --

per their primary design objective.
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2. A revised static procedure was conceived and successfully used

to reseat the module rotor seals, thus operation of the system to

higher speeds was judged to be constrained solely by brake seal

problems.

Test B-1 was the first trial run of the system in the normal jet engine

driven mode, however, the jet could not be brought on at idle without stalling

therefore this first attempt was aborted.

Test B-2 was successful in achieving full target speed of 3000 rpm and

thereafter the system was allowed to coast down to a stop as planned.

Test B-3 was added to repeat the results of Test B-2 primarily for increased

confidence and operating experience and secondarily to checkout the ability

of the brakes for emergency cutoff before higher speed operation was attempted.

Test B-3 met these objectives and justified proceeding to turn attention to

resolution of the brake seal leak problem.

Summary - Test B. Test series B served to verify that driver engine/flywheel

module test progress was basically limited by facility brake seal leakage

problems; therefore, an overhaul of brake seals was scheduled before proceeding

to higher speeds. It was noted, however, that several concurrent improvements

in the deliverable lube oil system would enhance performance and confidence

in system operation at the higher speeds and longer durations planned.

Reservoir capacity was increased fourfold, adjustments were made to reduce

aeration, and scavenge lines were optimized while brake seal replacement

was underway.

Test C-1 was initiated but cutoff within 76 seconds of startup because the

RH rotor speed signal circuit was not responding. When engine speed reached

10,467 rpm, the RH rotor signal was -145 rpm. The problem was traced to poor

grounding connections and corrected before Test C-2.

-
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Test C-2 was carried to a rotor speed of 4478 rpm using the driver engine

(which was accelerated to 10,260 rpm) after which the air brakes were

actuated to augment deceleration. This was the first test into the speed

range where the rotor first critical speed was predicted, therefore dwell

at peak speed was not desired pending test data analysis. Review of data

gave no indication of resonant or any other significant vibration.

Test C-3 was also conducted on 13 November and rotor speed was driven to

6606 rpm, followed by braking to 2142 rpm, immediate reacceleration to 6100 rpm,

and finally, brakes were again used to return to stop. Once again, the data

review verified that rotor dynamic performance was excellent with no reason

for concern about operating in or near the first critical speed regime.

Summary - Test C. Test series C was judged to have cleared away any concerns

about operation of the flywheel up to 6600 rpm and provided adequate data to

project that testing could be safely advanced to the design range of 10,000

to 15,000 rpm. The brake seal modifications were found to have eliminated

concern about loss of facility oil as to provide confidence in the availability

of braking power at higher speeds and after longer duration runs. Also, many

of the prior concerns about module bearing flows, temperatures, and pressures

were resolved by the success of series C.

Test D-1 was conducted one day later, on 14 November 1978, with flywheel rotor

speed brought smoothly to 8918 rpm. At this point, the engine was cutoff

allowing rotor speed to decay to 7825 rpm and restarted to evaluate reclutching

of the drive system. Reclutching was accomplished and speed was then brought

to 11,387 rpm then cutoff allowing the flywheel to coast down for 200 seconds

before the brakes were used. Speed decay during coast down averaged about

6.88 rpm/sec followed by decay during braking at an average rate of 48.8 rpm/sec

with the initial braking rate much faster due to greater brake torque at the

higher speeds. This was the first test brought to speeds high enough to obtain

relatively good gap sensor data and the results were judged to follow predicted

values for wheel growth versus speed.
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This test, D-l, was considered to have properly resolved all of the objectives

of the plan allowing test activity to proceed to Test E.

Test E-1 was conducted two days later on 16 November 1979, however, during the

pretest procedure, the brake housing facility vacuum was turned on too soon

causing the forward flywheel housing seals to become unseated so that bearing

oil was noted at the housing windows during startup of the test. Data also

showed that the rotor chamber evacuation was poor (at 2 psia rather than

0.2 psia as required). For this reason, Test E-1 was terminated at 2353 rpm

and action was taken to reseat the forward rotor bearing seals by application

of positive pressure in the bearing chamber.

Test E-2 was initiated on 19 November 1978 after rotor chamber evacuation

capability had been verified. Rotor speed was advanced to 7937 rpm, however,

the first attempt to stabilize at 8000 rpm was thwarted by drive engine stall.

A second engine start 90 seconds later also stalled, however, the third start

240 seconds later was successfully held. By this time, rotor drive speed

had decayed to a minimum of 5800 rpm (at 6.28 rpm/second) and was then raised

to speed plateaus of 8000 rpm, and 8900 rpm for about 1 minute each and then

advanced to peaks of 10,925 rpm and 11,437 rpm. Within about 20 seconds

thereafter, brake power was used to decelerate rotor speed to a stop. The

cutoff at 11,437 rpm was earlier than planned because of decay in forward

bearing oil pressure (below the 75 psi redline) but evaluation of data estab-

lished that the lower pressure was merely a consequence of the reduced viscosity

of the heated oil and actual flow of lubricant was stable.

Test E-3 was also performed on 19 November 1979 shortly after review of E-2

data and consisted of a ramp directly to 10,800 rpm with a hold for about

50 seconds to check data followed by speed advance to 13,375 rpm. Rotor speed

was held in the region of 13,400 for about 200 seconds and then brakes were

applied for 60 seconds to decelerate from 12,062 rpm to 10,462 rpm (at 27 rpm/sec)

with hold at 10,500 rpm for another 200 seconds. Finally, time braking power was

applied to decelerate to a stop in about 150 seconds.

-
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Summary - Test E. The three tests of series E provided the required base of

high speed data and system operating experience required to proceed to full and

limit speed operation. In particular, test series E permitted the oprator

to obtain a better feel for how flywheel rotor speed responded to engine

drive torque at the minimum and maximum torque levels. In addition all data was

carefully evaluated over a five day period to ascertain the degree to which

results correlated to predicted performance with particular emphasis on rotor

growth versus speed, vibration levels, and lubrication. With the exception

of low speed operation, where oil mist in the rotor chamber has a relatively

strong influence on capacitance, rotor gap measurement was of significant

value in evaluating rotor growth and in verification that the growth continued

to be elastic at the peak speeds of Test E-2 and E-3. Vibration levels

continued to be extremely low and non-resonant in nature confirming the good

balance and dynamic damping of the rotor/bearing system. All bearing flows

and temperatures were found to be satisfactory with no evidence of harmful

conditions at any speed or mode of operation. In preparation for the final

series of tests (F), the primary limitation considered necessary was to

limit overspeed to 14,850 rpm (about 2.4%) to avoid any possiblity of rotor

contact with the barrier ring. It had been predicted that rotor overspeed

could be allowed as high as 16,500 ±800 rpm before point contact of the rotor

edge (to ring alarm spots) to assure that braking would occur if speed exceeded

the 17,600 rpm yield level. It was determined that larger than desired assembly

process tolerances could allow brake ring contact as low as 14,900 rpm (as a

minimumlandthat even though contact-braking was a design safeguard against

failure, it was not desirable to instigate contact by intent.

Test F-1 was performed on 26 November 1979 demonstrating more than 1400 seconds

of flywheel operation at speeds to 14,500 rpm. The flywheel system was

initially powered to 13,337 rpm and held in the region between 13,000 rpm

and 13,500 rpm for 2 minutes before proceeding to a momentary excursion peak of

14,500 rpm. Then, the speed was allowed to decay to 10,850 rpm over a 380 second

period (average decay rate of 9.6 rpm/sec). At 10,850 rpm, the drive engine
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speed was increased to reclutch the flywheels and rotor speed was once again

advanced to 14,500 rpm. An excellent degree of operational control was then

demonstrated for a period of 5 minutes during which speed was held between

14,400 rpm (min) and 14,500 rpm (max). After completing the 5 minute dwell,

the air brakes were applied to bring ther rotor to a halt in about 200 seconds.

Test F-i proceeded exactly as desired with no deviations or problems noted.

Following Test F-i, gap sensor data were carefully reviewed serving to verify

that rotor strain was continuing to display elastic properties at the rated

30 KWH design speed of 14,500 rpm.

Test F-2 was conducted three days later, on 29 November 1979. Test F-2

consisted of a single high torque acceleraction of the rotor to 14,850 rpm

in 260 seconds (57 rpm/sec) followed by unbraked rotor speed decay to below

300 rpm over a 2100 second period. At the peak rotor speed was held above

the 14,500 rpm rated point for 110 seconds. Once again, flywheel performance

was excellent. This test concluded the R&D demonstration of RS-31 system

performance prior to delivery to MERADCOM for in-service operation.

(
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6.0 TEST DATA

6.1 Types of Data Systems

RS-31 flywheel system test data was monitored and/or recorded using four

principal data stations as follows:

a) Visual gages in the cell for pre-test adjustments and checkouts

b) Visual gage alarm lights and meters at the operator's panel for

on-duty monitor of performance.

c) Oscillographic and multipoint printer recorders for both monitor

and permanent record at a nearby data station in the control area.

d) Tape recorded data suitable for post-test playback and signal

conversion into analog and digital records.

Tables 8.2 and 8,3 of Test Specification RC-1290 (as presented in Final

Report RI/RD78-207) lists the nominal data channels which were utilized.

Figures 7.6.1 and 7.6.2 of that report portray the control console layout

of the visual displays.

6.2 Typical Data Result

Out of consideration for the voluminous data accumulation over the span of

the 15 test series, Tests C-2 and F-1 have been selected for representative

data presentation herein. Thirty-five channels of printed data are given in

Appendix A over a 1630 second duration at 10 second data intervals.

In addition, computer graphic plots of recorded data are given in Appendix B

for nine specific tests. Data has not been included for six tests:

A-1 No significant results (~3% of rated speed).

A-2 No significant results (~3% of rated speed).

B-1 Engine stalled at start.

C-1 Aborted due to erratic sensor.

C-2 No plots made. See Appendix A.

E-1 Aborted due to rotor seal leakage.
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6.3 Discussion of Test Data

Test A-3 was the first wherein speed was raised above 3.5% of the rated value.

The data plots for this air brake driven flywheel test show the acceleration

in speed to have three periods with two plateaus in between. Note that aft

oil pressure was lost moments before the peak speed was reached as oil

leakage caused depletion of the oil reservoir.

Test B-2 data plots for this engine driven flywheel test show rotor speed

rising to about 300O rpm as a consequence of engine acceleration to the
range of 8,000 to 10,000 rpm. Other plots show bearing temperatures (one

erratic due to loose connectionsl, cavity pressures (the right side sealing

intermittantly at startI, and accelerometer data (no significant 0-3000 rpm

resonance; which would be at 0-50 Hz).

Test B-3 data plots show speed increase to 3,000 rpm, expanded scale data for

bearing temperatures (with repaired RR bearing sensor), and similar cavity

pressure and vibrational plot results to B-3.

Test C-3 data plots display speed aJvancement to 6,000 rpm in two ramps demonstra-

ting low speed reclutching at 2,142 rpm (550 seconds time). Gearbox oil flow

rate is shown proportional to rotor speed. The high value of aft oil flow

(8 GPM) is atrributed to minimal centrifugal resistance of the central shaft

port at low speeds (0-6,000 rpm). Brake and forward oil flows are steady

at 1.3 GPM. Plots of oil pressures show the slight effect on aft pressures

as increased shaft speed increases path resistance and on forward pressure

as low rotor speed increases path resistance. Oil temperature plots show the

effects of rotor bearing heat dissipated in the oil as a function of speed.

No cooling loop flow was programmed at these low speeds, however, reservoir

and line oil temperature data (mlO, M70, and M71) show that natural conduc-

tion of heat served to keep the system oil temperatures stable.

Test D-1 plots show speed driven to 9,000 rpm and later, after reclutch

demonstration at 8,000 rpm, is brought to 11,000 rpm. over the longest duration
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operation to that point in time. Oil system data plots display a line

relief valve problem influencing M23 aft oil pressure and M50 aft oil flow.

At the higher speeds of Test D-1, rear bearing-exit oil temperatures are

shown to approach 200 F while forward temperatures approach 165 F- as

desired for proper viscosity, thus oil inlet temperature begins to reach

150 F (the target value) for the first time in test progress to date. Note

cavity temperatures are still quite low at speeds below 12,000 rpm as wind-

age losses are small and easily disipated.

Test E-2 data plots show speed again brought above 11,000 rpm with an

interim 6,000 rpm reclutch demonstration. Brake oil flow (MS9) was seen to

be erratic at 900 seconds due to sensor problems. Although aft oil flow

relief valve chatter influenced pressure at 600 to 1,000 seconds, there was

no significant effect on aft oil flow. Plots of gap space (actually rotor

growth) versus time are shown to follow rotor speed and growth versus

speed plots show accurate representation of the predicted stress/strain curve

for the rotor material above about 8,000 rpm where oil moisture influences

are overcome and signal strength is improved.

Test E-3 data plots show speed advancement to 13,400 rpm. Rear bearing oil

exit temperature rose to about 220 F at peak rotor speed but the aft oil inlet

temperature did not exceed the design point of 150 F. The gap data of Test E-3

was degraded by a surplus of oil in the rotor chamber at start from the pre-

ceding E-2 test run shortly before (without time taken for thorough evacuation

between tests). At about 5 minutes into the test at 11,000 rpm, the oil began

to be disipated and gap data error was eliminated in the righthand chamber but

the left side residual oil took longer to vaporize off.

Test F-l data plots display speed brought to 14,500 rpm twice. Note that

the oil cooler served to take over control of oil supply cooling (110) at

150 F even though the rotor was held at 14,500 rpm for extended duration.

Aft oil pressure (123) decayed as lower speed decreased centrifugal resistance

and oil viscosity dropped with higher temperature. During the S minutes,

14,500 rpm plateau conditions were stabilized. Test F-I was a good test of
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the gap sensor system, especially in the relatively dry righthand chamber,

but a slight shift in the left chamber was noted during the speed decay

excursion due to a low level continuing oil seal leak.

Test F-2 data plots show speed accelerated rapidly to 14,850 rpm followed

by long term unbraked deceleration. This deceleration was enhanced by brake

drag as brake vacuum was held relatively moderate (at 2-4 psia) to avoid

impact on the flywheel shaft seal pressure balance. Note that aft oil

pressure (M23) peaked to its maximum value at high rotor rpm so that aft

oil flow CMS0) was held above 7 GPM for safe lubrication of both the bearings

and the clutch hardware. The gap data was slightly erratic during the

rapid start but excellent at high speed with further perturbation due to

oil leakage in the tail of the long duration coastdown.

7.0 TEST PROBLEMS AND SOLUTIONS

Only a few relatively minor problems were encountered during the program of

RS-31 flywheel test. Of these, a facility auxiliary subsystem (the gas

turbine braking device) was the most significant problem. Shaft oil seal

leakage, internal to the brake rotor, constrained test duration and speed

as a consequence of severe depletion of oil by loss to the exhaust duct.

Since this problem was solved by seal replacement, testing of the RS-31

was then successfully concluded; no further discussion of this non-deliverable

hardware problem has been presented.

7.1 Rotor Shaft Seals

Each flywheel rotor assembly is operated in an evacuated chamber to minimize

aerodynamic drag so that speed decay is resisted and so that rotor heating

is limited. A set of rotor shaft seals are used at each end of each rotor

(total of 4 seals) to restrict flow of air and bearing lube oil into the

evacuated rotor chamber. The seals were installed in place during module

assembly in March, 1978, and at that time, a test was made which proved the
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ability of the seals to hold a vacuum for an extended period of time.

Subsequently, 18 months later, when system testing was initiated, the first

attempt to pull a vacuum on the low pressure side of the seals resulted in

excessive leakage. Flooding the bearing cavity with oil to lubricate the

seals and alternately pressurizing each side of the seal did not correct

the problem.

Inspection of two new seals out of stock revealed the following:

1) The carbon face is flat within 3 helium light bands.

2) The leakage on the vacuum plate was acceptable (.8 to 1.0 inch Hg

pressure loss in 60 seconds).

3) Face load of complete seal assembly was 4.5 to 5.5 lbs until O-ring

stopped rolling, then increased suddenly to 22 lbs.

4) Face load with springs removed was negligible with O-ring rolling

and increased to 14 lbs with O-ring sliding at ID (lubricated).

5) Face load with O-ring removed, springs installed, was 4.5 to 5.0 lbs.

6) Dimensional measurements:

Face OD 4.248 ± .002 is 4.2459

Face ID 4.090 ± .002 is 4.0885

Skirt OD 4.010 ± .003 is 4.0083-4.0102

O-Ring Groove OD 4.290 ± .002 is 4.2885

C1) O-Ring ID ± .044 is 3.984

C11 O-Ring Section .144 ± .0045 is .145

O-Ring Groove Width .225 ± .005 is .2247

The inspection results indicate that the O-ring friction drag while sliding

at the ID (14 lbs) exceeds the spring load (0.5 to 5.0 lbs); therefore, the

seal will not function unless the O-ring is rolling.

Analysis indicated that the O-ring is apparently sticking at the ID to the

composite skirt OD and sliding at the O-ring OD when vacuum is pulled on the

(1. Viton Nichols 8273 after swelling with MIL-L 23699. ID 2.859 ± ,028
and section .139 before swelling

-43-



downstream side. The pressure differential acts on the larger effective area

out to the O-ring OD. The piston effect, created by the O-ring and composite

(adapter assembly), results in a pressure induced force which exceeds the

spring load and unseats the seal face causing leakage. The opening force

is equal to the 5 pound spring load at 5.87 psid. The test results indicated

that the seal started to leak in the flywheel assembly at approimately 5 psid.

The analysis indicated that the seals could be seated by increasing the pressure

differential to approximately 20 psid. The higher pressure will push the

O-ring against the bottom of the O-ring groove eliminating the piston effect

of the O-ring. The pressure then acts on the area between the skirt OD and

face OD resulting in'a closing force equal to 20.5.lbs at 20 psid. The seals

were successfully seated in the flywheel assembly using this method.

The flywheel test program was completed after the seals were seated; however,

leakage into the vacuum cavity after seating was estimated to be in excess

of the design goal of 5 SCIM.

The seal supplier recommends changing the O-ring groove OD from 4.290 to

4.276 inches to increase the O-ring squeeze. The present squeeze has a

tolerance range of .011 to -.033 inch. The revised squeeze would be .004

to .018 inch. The new seal from stock measured .005 to .006 inch squeeze,

which is within the recommended range; therefore, the revised squeeze may

not correct the problem.

A revised seal design solution has been considered to eliminate O-ring

rolling for more positive location of the pressure balance diameter. The

O-ring diameter would be controlled to reduce the stretch for minimum drag

load. A low friction plating on the skirt diameter would be used to

reduce drag friction. The skirt diameter and/or carbon nose diameters would

require revision for proper pressure balance. The spring load would be

increased to compensate for the O-ring drag and inertia loads at high speed.

Two spare seals from stock (S/ 002 and 006) have been returned to the seal

supplier for failure analysis and rework at his expense.

-44-

J~~~~ ~ ~ 7T7 7WW j*I4Wf



0) cc)U 
., Zi L

0 0.
al1 C- .D

LL : I, 1- L
0:~~ 4n I-:~ L.N .:c ui I I w :

01 Iz

.

?5 ... - fw

q:J

Al -i 90 lii

cr IJ u v1

IN

CI, co I a

N Mi- CI-Lo~o

0 1). !L

C. ~~~ ~ 7 8i -QW~ L~ L~-'

w ~1 
1i

10

-45-



7.2 Lubrication

MIL-L-23699B oil is used for lubrication of flywheel rotor shaft bearings,

shaft seal rub ring contact surfaces, gearbox bearings, gear mesh surfaces,

splines of shafts and over-running clutch bearings. Data from system tests

has established that all system elements were adequately lubricated during

operation so that no excessive wear or damage was likely. The principal

problem of lubrication system operation during early tests was evidenced

as poor scavenging of oil from discharges and excessive aeration of the

recirculating oil so that test duration was limited by a tendency for the

sump oil supply to decay in quality and quantity available for delivery to

the pumps. During a down period for service to facility support equipment

(during October, 1979, after Test B-3), sump capacity was increased, scavenge

line arrangements were improved, and the de-aeration scavenge pump was

throttled. These revisions sharply improved oil collection and reduced

(but did not eliminate) oil aeration so that no further problems were

encountered in extension of run time and operation to full speed.

7.3 Gap Sensor Channel M27

The left forward gap sensing circuit could not be made to function during

the test program because of an electrically shorted condition between the

barrier ring and the casing. Three possible explanations were postulated as

follows:

1. One or more of the three left forward barrier ring installation port

plugs were improperly installed during build using an excessively long

plug (bolt) so that the plug touches the barrier ring.

2. The barrier ring itself is touching the case due to out of tolerance

conditions or distortion.

3. Some unknown foreign object is wedged into a position so as to form a

short between the ring and case.

5I
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Although postulate #1 would be easy to check and correct given access to

the three plug locations, two of the three locations were inaccessible

in the test installation. In the case of postulates numbers 2 and 3,

corrective action is not possible without disassembly of the module. The

first (plug) postulate can be checked out after the module is removed

from the test cell and before installation at Ft. Belvoir, Virginia.

8.0 REFERENCE DATA

8.1 Drawings

LE76-030-ER RS-31 Module

LE76-067-ER RS-31 Instrumentation and Controls

LE76-071-ER RS-31 Lubrication and Vacuum Subsystem

LE76-031-ER RS-31 System

8.2 Documents

RI/RD78-207 RS-31 Final Report

RC-1290 RS-31 Test Specification

(
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APPENDIX A

TYPICAL DATA RESULTS

DIGITAL DATA PRINTOUT FOR TESTS C-2 & F-I
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APPENDIX B

TYPICAL DATA RESULTS

PL07TED DATA FOR 9 TESTS
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